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The resonance was produced via one-proton transfer reaction with a *He beam at 15. 4A MeV 
and a ^^C gas target. The experimental setup was based on the active-target MAYA which aUowed a 
complete reconstruction of the reaction kinematics. The characterization of the identified events 
resulted in a resonance energy of O.STt^ j? MeV above the ^H+4n threshold and a resonance width 

of O.OQtoM MeV. 

PACS numbers: 27.20.-|-n, 25.60.Je, 25.70.Ef 



A major goal in nuclear physics is to understand how 
nuclear stability and structure arise from the underly- 
ing interaction between individual nucleons. Systematic 
measurements of nuclei far from stability are a valu- 
able tool to test the present models, which are mainly 
based on properties of stable nuclear matter, and check 
the validity of their predictions extended to exotic nu- 
clei. Recent developments in the production of radioac- 
tive beams, as ISOL and In-Flight techniques, bring new 
opportunities to study these nuclei. The study of reso- 
nances beyond the drip lines is relatively accessible for 
neutron-rich light nuclei, such as hydrogen and helium, 
where the drip line is reached with the addition of only 
a few neutrons to the stable isotopes. 

Even if the search for hydrogen isotopes heavier than 
tritium started more than 30 years ago[l], the map of 
the super-heavy hydrogen isotopes is far from being com- 
plete. Whereas experiments have confirmed the existence 
of ''H, and as resonancesjl, H, 0, H, @, their fun- 
damental properties are not unambiguously determined. 
This work concentrates on the search for the reso- 
nance, the nuclear system with the most extreme neu- 
tron to proton ratio presently reached, as a further step 
in the systematic study of hydrogen resonances. 

From the theoretical point of view, the case of light 
nuclei is particularly interesting because the number of 
nucleons involved places these species in between two sce- 
narios. They can be seen either as few-particle systems 
that can be studied directly from the nucleon-nucleon 
interaction[3, H, [§| or as many-body systems where in- 
ner structure dominates [Ux fill. . A common source of 
uncertainty in all these approaches is the use of effective 
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nucleon-nucleon interactions, which is particularly deli- 
cate in the case of the neutron-neutron interaction due 
to the lack of accurate descriptions. 

Recent results from some of these approaches have 
predicted the existence of the resonance with a res- 
onance energy above the '^H-|-4n mass varying from 
around 1 MeV in a Hyper spherical Basis approach Q 
up to 7 MeV in an Antisymmetrized Molecular Dynam- 
ics calculation 0. In parallel, experimental studies per- 
formed by Korsheninnikov et al. [13| show a sharp increase 
in the p(^He,pp) channel close to the '^H-|-4n disintegra- 
tion threshold, interpreted as a first tentative evidence of 
the existence of ''H as a low lying resonance. Our work 
is a major step in this direction and represents a clear 
experimental proof of the existence of as a nuclear 
system along its characterisation as a resonance. 

The experiment was performed at GANIL (France) us- 
ing the SPIRAL facility based on the Isotope Separation 
On Line (ISOL) techniquefl^ of beam production. A 
secondary beam of ^He at 15. 4A MeV, with an intensity 
of '^10'* pps, was produced using a primary ^^C beam on 
a thick ^^C target. The system was then studied via 
the i2c(8He,^H ^ 3jj_^4jj)i3]s^ transfer reaction. 

The experimental setup used in the present experiment 
detected the charged particles involved in the reaction us- 
ing the active-target MAYA 15], which is specially well- 
suited for detecting reaction products in a very low en- 
ergy kinematic domain. This detector is a Time-Charge 
Projection Chamber where the detection gas plays also 
the role of reaction target. The beam particles and the 
reaction products ionize the gas along their paths. The 
electrons released in the ionization process drift toward 
the amplification area where they are accelerated around 
a plane of amplification wires after traversing a Frisch 
grid. The accelerated electrons ionize again the sur- 
rounding gas inducing a mirror charge in the pads of 
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FIG. 1: Experimental setup. Two drift chambers placed be- 
fore the MAYA detector monitor the beam particles. The 
reactions occur in the volume filled with C4H10 gas. The am- 
plification zone contains a Frisch grid, the anode wires and the 
segmented cathode. A 5x5 matrix of Csl detectors is placed 
at the back side for detecting light particles. A small metal 
cup is used to stop the beam. 



a segmented cathode placed below the wires. Measure- 
ments of the drift time and the charge induced on the seg- 
mented cathode enable a complete 3-dimensional track- 
ing of those reaction products that lose enough energy to 
be detected. A segmented wall of twenty cesium-iodide 
(Csl) crystals placed at forward angles detects those par- 
ticles that do not stop inside the gas volume. The detec- 
tion of a charge particle in any Csl detector was used for 
triggering the acquisition during the experiment. Two 
drift chambers located before MAYA are used as beam 
monitors. The non-reacting projectiles are stopped in a 
small metal cup at the end of MAYA. Figure [T] shows a 
schematic view of the experimental setup. 

In a typical event where ""H is produced, a ^He pro- 
jectile enters in the detector and transfers one proton 
to the nucleus of a ^^C atom of the gas, C4II10 at 30 
mbar, which corresponds to a target thickness of 3.2-10^^ 
^^C/cm.^. The scattered ''H decays immediately into •^H 
and four neutrons. The first step in the selection of the 
^^C(^He,'^II ^R+Any^N channel consists in the co- 
incident identification of the charged reaction products, 
tritium and nitrogen. The triton is stopped in the seg- 
mented Csl wall and identified via the relation between 
the total energy and the fast component of the Csl signal 
output, which is sensitive to the mass and charge of the 
particle (Figure [2]). The nitrogen recoil, with a total 
energy between 3 and 15 MeV, corresponding to ranges 
between 40 and 160 mm, is stopped inside the detector. 
The range and angle are measured using the charge image 
projected on the segmented cathode, with typical uncer- 
tainties of ±2 mm and ±5 deg respectively. The iden- 
tification of the recoil is done by means of the relation 
between the measured range and the deposited charge, 
which is a function of the total energy when the recoil 
is completely stopped inside the gas. The nitrogen total 



energy is then calculated from the measured range using 
the available code SRIM Figure shows the selec- 
tion of nitrogen among other recoil species by means of 
their different range over charge ratios. The largest peak 
corresponds to carbon isotopes mainly coming from elas- 
tic reactions. Higher range over charge ratios are pop- 
ulated with isotopes with lower charges, such as boron 
isotopes produced in ^^C(^IIe,^Li)^''~^B reactions. The 
right peak is populated with charges greater than carbon, 
which in the present case can only correspond to nitrogen 
isotopes when a charge particle detected in coincidence 
in the Csl wall is required. The different Ip-xn transfer 
reaction channels producing '^H and a nitrogen recoil are 
separated afterwards by their different kinematics. Con- 
tributions from other reaction channels, such as fusion- 
evaporation, are eliminated with the coincident detection 
of a single recoil, identified as nitrogen, and a single scat- 
tered particle in the Csl wall, identified as a triton with 
relatively high energy. 

The ^^C(*He,^H)^^N one-proton transfer is a binary re- 
action with two particles in the final state. Conservation 
of energy and momentum allows to reconstruct the reac- 
tion kinematics from the information of only one of the 
reaction products. In the present work, the reconstruc- 
tion is done with the nitrogen recoil angles and energies 
measured with the 3-dimensional tracking of MAYA. The 
kinematic information can be reduced to the excitation 
energy of the system applying a missing mass cal- 
culation. The excitation energy is then defined as the 
difference between the calculated mass of the ""H system 
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FIG. 2: Tritium and nitrogen identification. Upper panel: the 
selection of tritium among other hydrogen isotopes in the Csl 
detectors is shown in energy vs. fast component coordinates. 
High energy tritons are selected with the solid line. Lower 
panel: the selection of nitrogen among other recoil species 
is shown in a spectrum of range-charge ratio. The carbon 
isotopes region is fitted to a Gaussian shape for reference. 
The identified nitrogen appear as full grey histogram. 
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with respect to the reference ^H+4n sub-system mass. 

The identification of the events is done after the 
identification of the events corresponding to other reac- 
tion channels with a '^H and a nitrogen products, such 
as and ^H. Upper panel in Figure [3] shows the excita- 
tion energy distribution corresponding to production. 
This is calculated assuming that the detected nitrogen is 
^^N and the sub-system mass is ■^H-|-2n. Those events 
marked as a grey histogram lay on the region where 
is expected according to previous experiments [1, Q , and 
they are associated to the channel. Middle panel 
shows the excitation energy distribution corresponding to 
production. The calculation was done assuming the 
detected nitrogen as "^'^N and a ''H-|-3n subsystem mass. 
The events in the peak marked as a grey histogram are 
different from those associated with and lay on the re- 
gion where was observed in previous experiments Q. 
These events correspond to the channel. Finally, the 
lower panel shows the excitation energy distribution as- 
suming the detected nitrogen as ^^N and the sub-system 
mass as "^H-|-4n. The events laying on the peak marked 
in grey around the '^H-|-4n disintegration threshold are 
different from those previously associated to and 
channels. In addition, other reactions produced in the 
present experimental setup, such as fusion-evaporation, 
are estimated to populate the kinematic region of the 
with less than one count after the '^H+nitrogen se- 
lection. Estimations on the six-body ^•^N+'^H+4n phase- 
space of the channel, and phase-space associated with 
and channels result in a background contribution 
which begins to be appreciable around -10 MeV below 
the '^H-|-4n threshold. Under these considerations those 
events located in the marked region are identified as ''H 
production. The peaked distribution is a signature of a 
well-defined state and represents a background free con- 
firmation of the production of the ''H resonance. 

Seven events corresponding to the ''H resonance were 
identified in the present analysis. The cross section of 
the ''H production was determined as the number of de- 
tected events normalized to the number of incident pro- 
jectiles and target nuclei. This calculation is corrected 
by the efficiency of the detection system. A mean dif- 
ferential cross section of da/dQ = 40.1^30 6 Z^b/sr, was 
obtained within the angular coverage of MAYA, calcu- 
lated as 9.7 - 48.2 deg in the centre of mass frame. 

The peak in excitation energy corresponding to the 
production of ''H (Figure S]) is described in this work 
with a modified Breit-Wigner distribution [l8|: 



dence of the system barrier. The factor ctq is determined 
with the normalization to the total cross section. 

The Breit-Wigner function is fitted to the experi- 
mental values of the excitation energy using a multi- 
parametric Maximum Likelihood procedure, which is es- 
pecially suited to low statistics samples. 

The Likelihood is calculated associating to each event 
a Gaussian function centered in the measured excitation 
energy and with a variance equal to its calculated uncer- 
tainty. The width of the experimental distribution can 
be described as a mathematical convolution of the Breit- 
Wigner distribution and a function associated with the 
experimental uncertainty of the data set, which is around 
2.5 MeV. The Maximum Likelihood procedure disentan- 
gles both contributions to the final result. 

The fitted parameters result in a width of 

of 



r — O.OO^Q Qg MeV, and a resonance energ 
Er = 0.57t[J:^? MeV above the threshold of the 
'^H+4n sub-system. The results are shown in Table [D 
In Figure |4] with the fitted Breit-Wigner distribution is 
displayed over the excitation energy distribution of the 
detected events. 
The previous experimental observation of Korshenin- 
nikov et aZ. 13], where a sharp increase of the cross sec- 
tion appeared close to the ^II-|-4n threshold, is in quali- 
tative agreement with the resonance energy evaluated in 
this work. Regarding theoretical descriptions, calcula- 
tions based on a Hyper spherical Basis of the shell model 
are closest to the present work[3,|l], even though the pre- 
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where the production cross section, asw, depends on 
the excitation energy, E'^^'^, through the resonance ener- 
gy, Efi, and width, F. The formula includes a modifica- 
tion factor. 



to take into account energy depen- 



FIG. 3: Excitation energy distributions calculated under the 
assumptions of (upper panel), ®H (middle panel) and 
(lower panel) production channels. The grey histograms in 
the and ®H channels correspond to those events laying 
in the regions where the resonances were already observed in 
previous experiments. The grey histogram in the corre- 
sponds to those events identified as production. See text 
for details. 
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FIG. 4: Excitation energy distribution for the identified 
events. The solid function is the Breit-Wigner distribution 
resulting from the fit to the experimental events, represented 
with the empty histogram. The 2.5 MeV binning corresponds 
to the mean energy uncertainty. 



TABLE I: resonance characterization parameters. 



Er (McV) 


r (MeV) 


(To (Aib/sr) 


daBw/dn (fih/sr) 


'J-O'-0.21 


'-'■"^-0.06 


0-*-4.9 


40 1+58-0 



dieted resonance energies range between 1 MeV [?] and 
3 MeV [sj. In any case, it is difficult to conclude that 
this is the appropriate description due to the lack of pre- 
dictions for from other approaches. Estimations of 
the width of the resonance were also done in a work of 
Golovkov et al. [l^ resulting in a theoretical width around 
three orders of magnitude lower than the present work. 
The resonance width is related to the decay rate and it 
contains information about the decay mechanism. The 
resulting narrow width extracted in this work r nay be a 
hint of a fast and unique four- neutron decay[l3l, [2d[. Fu- 
ture studies of the nuclear state may clarify this point, 
also interesting for the question about the existence of a 
bound or unbound tetra- neutron (*n) state [HI. l2l|. 

The present results constitute a major step forward 
in the existence of the most exotic nuclear systems ever 
found, showing that nuclear matter with N/Z up to 6 
can still exist. They provide essential input for deve- 
loping theoretical descriptions and improving in general 
our understanding of nuclear matter. 
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